Results from experiments on the removal of copper using chemical mechanical polishing ͑CMP͒ by alumina abrasives suspended in deionized water are reported. The experiments were carried out in a benchtop polishing tool using IC1000 perforated pads and SUBA 500 pads. The removal rate was measured over a good range of values of the relative velocity and pressure, and for different values of the abrasive concentration in the slurry. The results support the use of Preston's equation over a limited range of values of the relative velocity and pressure in the case of the IC-1000 pad; however, at larger velocities and pressures, the linear behavior implied in Preston's equation is not observed. At low abrasive concentration, the removal rate increases with increasing concentration, but beyond about 2.5 wt % abrasives, there is little further increase in removal rate. In the case of the SUBA 500 pad, Preston's equation is inadequate for describing the dependence on pressure. It is found that the removal rate is indeed linear with increasing velocity at low to moderate pressures, but is proportional to the square root of pressure and the abrasive concentration. © 2004 The Electrochemical Society. ͓DOI: 10.1149/1.1640632͔ All rights reserved. Chemical-mechanical polishing ͑CMP͒ is now well-established as the technology of choice in integrated circuit ͑IC͒ manufacture for the purpose of planarizing films at various stages of the fabrication process.
Chemical-mechanical polishing ͑CMP͒ is now well-established as the technology of choice in integrated circuit ͑IC͒ manufacture for the purpose of planarizing films at various stages of the fabrication process. 1, 2 In this process, an uneven film is planarized by mounting a wafer onto a polishing head that is brought by an applied load into contact with a polishing pad mounted on a turntable. Usually, both the wafer and the pad are rotated about their respective centers, and a liquid containing colloidal abrasive particles and dissolved chemicals, labeled slurry, is introduced in the space between the pad and the wafer. The combined action of the chemical attack of the film and mechanical abrasion leads to planarization of the wafer surface. A variety of tools, chemicals, and pads are used depending on the nature of the film to be planarized.
The present work is focused on mechanical removal of material. Preston 3 provided a simple model of material removal in glass polishing tools, postulated based on experimental observation that the removal rate is proportional to the nominal applied pressure and the relative velocity between the pad and the material being polished. Preston's equation for the removal rate R can be written as
where the nominal pressure P is the load divided by the superficial contact area ͑as opposed to the real contact area͒ and V is the relative velocity of a point on the wafer surface with respect to the corresponding point on the pad surface; Eq. 1 has become the model of choice in describing removal rates in CMP by default. The symbol K P is termed the Preston coefficient, or the Preston constant, and it can be expected to depend on all the other process parameters, such as the abrasive type and concentration, and the nature of the chemicals and their concentrations. Brown et al. 4 provided a derivation of this equation for purely mechanical removal in the context of the abrasion of metals, using an indentation-sliding model and the result obtained from Hertz's theory for the elastic indentation of a plane by a sphere. The calculation involves the assumption that the volume of material gouged out per unit time by a sphere is equal to the product of the indentation depth and width multiplied by the velocity of the sphere with respect to the surface. No concern was expressed regarding the fact that as soon as the indenter moves forward, an elastically indented region on a surface will bounce back. Results from the model of Brown et al. are summarized in a review of glass polishing by Cook 5 and a wear model yielding similar results has been developed by Liu et al. 6 in which the elastic properties of both the abrasive and the film being polished are accommodated. Shi and Zhao 7 pointed out that even hard pads are relatively soft compared with the hardness of the films being polished and presented a model that incorporated the concept of asperities ͑locally elevated regions͒ on the pad surface being the principal regions responsible for forcing the abrasive particles against the wafer surface to achieve mechanical removal. More recently, Ahmadi and Xia 8 have presented results from models of mechanical removal accommodating the possibility of elastic deformation of the wafer and abrasive particles and elastic as well as plastic deformation of the pad surface. Using idealized models of contact of rough surfaces developed by Greenwood and Williamson, 9 and Johnson, 10 these authors have obtained a variety of results for two different situations, one in which the roughness on the surface of the pad is assumed to be periodic and another in which it is assumed that the roughness is Gaussian. In addition, an adhesion force between the abrasive particles and the wafer surface is accommodated in their work. Luo and Dornfeld 11 have examined mechanical removal in detail, beginning from first principles. These authors present a model that, in some respects, is similar to that in Ahmadi and Xia, but different in identifying plastic deformation as the logical contributor to removal of material, and in permitting a Gaussian distribution of abrasive particle size. Luo and Dornfeld assumed an indentationsliding model for the penetration of the film by the abrasive particles, and a quasi-static indentation model for the penetration of the pad. The authors also included an empirical accommodation of chemical reaction at the wafer surface, and compared results from their models with those from experiments on CMP of silicon and SiO 2 .
We were unable to find reliable experimental data on mechanical removal ͑in the absence of added chemicals͒ in the literature. Therefore, we set out to make relatively simple measurements of mechanical removal rates. Because copper has become the interconnect material of choice, we performed experiments on the removal of copper with the objective of obtaining data on mechanical removal rates as a function of process parameters. In this article, we organize and report these results so that models can be developed and tested against these data in the future.
Experimental fixed in place while the pad was rotated over a range of angular speeds from approximately 50 to 250 rpm. Provisions were available to supply a slurry of abrasive particles at desired concentrations, which ranged from 1.25 to 5.0 wt %, to a location near the center of the pad during the polishing experiments. After some initial trial and error in which the slurry flow rate was varied, the rate at which slurry was supplied was held constant at 60 mL/min in all the subsequent experiments. The abrasive used was colloidal ␣-alumina particles with a bulk density of 3.7 g/cm 3 , supplied by Ferro Corporation. The average aggregate particle size and the size distribution were measured using a Microtrac UPA 150 particle size analyzer, which employs dynamic light scattering to make the measurements. The average aggregate particle size was established by this technique to be approximately 220 nm. For preparing the slurry, the alumina particles were mixed thoroughly with deionized water using an agitator. No chemicals were added to this suspension in any of the experiments from which results are reported here. Using an impeller, the slurry was first stirred at high speed for 30 min followed by 6 h of stirring at low speed. Before the polishing experiments, the slurry was again agitated with the impeller at high speed for another 30 min; then it was transferred to a beaker and kept well-mixed using a magnetic stirrer during the polishing experiments. It was found that the slurry exhibited a natural pH of 4.4, possibly due to the presence of acid in the process by which the alumina particles are made.
In separate experiments, the stability of the slurry was investigated. This was done by placing the slurry, after preparation, in a beaker without agitation for different periods and checking to see if any particles deposited at the bottom. No such deposition was observed up to a period of 90 min. Also, the average size of the aggregates was monitored as a function of time in the Microtrac particle size analyzer for a period of 90 min. No significant change in the average size was noted even though the slurry was quiescent during this period. The slurry always contained some large agglomerates ranging in size from approximately 1 to 2 m. Of course, when the slurry is introduced in the gap between the disk and the pad during the polishing process, the very large shear rates encountered in that region would likely have a significant impact on the size distribution of the particles that actually perform the material removal.
Two different polishing pads were used in this work, the IC1000 perforated pad and the SUBA 500 pad, both supplied by Rodel Corporation. The IC1000 pad is made of a rigid, microporous polyurethane material. The perforations on the pad are intended to help to hold the slurry, and also to transport the debris away from the wafer surface. The IC 1000 perforated pad used in this study had a softer SUBA IV pad glued to the bottom. The SUBA 500 pad is a polyurethane impregnated polyester felt pad, and is much more compressible than the IC-1000 pad. Scanning electron micrographs ͑SEMs͒ of the two pad surfaces reveal that the IC-1000 pad has a surface that contains pores of various sizes in the range of tens of micrometers, whereas the SUBA 500 pad has a fibrous surface.
An initial fluctuation in the polish rate was observed with every new pad, and it took 10-30 min of polishing before the polish rates stabilized. All the rates reported here are the stabilized polish rates. The pad was hand-conditioned for 1 min prior to each experiment using a 220 grit sand paper. Polishing experiments were carried out with one copper disk in each run, and each experiment was repeated four times. In each case, the polishing experiment was performed for 3 min. The removal rate was calculated by weighing the disk before and after the polishing run, and dividing the mass lost by the disk per unit area by the density and the time of polishing.
The relative velocity between a point on the disk surface and the point on the pad directly beneath it varies over the disk surface because the disk is held fixed and the pad is rotated. Therefore, for the purpose of reporting the results from the experiments, an area average relative velocity was calculated using the following result
Here, ⍀ is the angular velocity of the pad, a is the radius of the disk, D is the distance between the center of the pad and that of the disk, and r is the distance from the center of the pad to any point on the pad surface underneath the disk. The straightforward derivation of Eq. 2 can be found in Guo. 12 For the values of a and D used in the present work, the average velocity values calculated from Eq. 2 are very close to the values of the relative velocity at the center of the disk.
Results and Discussion
The results from the experiments are organized by the type of pad. First, results from experiments performed using the IC1000 perforated pad are reported and discussed. This is followed by a presentation of results from the SUBA 500 pad. Fig. 1 , values of the removal rate R measured as a function of relative velocity V are plotted for two different values of the pressure, 3.6 and 6.8 psi. The abrasive concentration was held at 2.5 wt % in these experiments. As mentioned earlier, each polishing experiment was repeated four times, and it is the average that is shown as the data point. The standard deviation obtained from the four measurements is displayed to provide an approximate estimate of the uncertainty in the measurement. The trend appears to be an approximately linear increase in removal rate with increasing relative velocity at low velocities, with the rate showing a tendency to level off at a relative velocity larger than 0.7 m/s. At each pressure, the data at low velocities were fitted to a straight line passing through the origin ͑as reflected in Eq. 1͒ by the method of least squares, and these best-fit straight lines are shown in the figure, along with the values of the Preston coefficients. It is worthy of note that the Preston coefficient at both pressures, obtained by fitting Eq. 1 to the data at each pressure, is the same to within the uncertainty of the measurements.
IC-1000 pad.-In
In Fig. 2 , we have plotted the pressure dependence of the removal rate at two different relative velocities over a range of values of the applied pressure, at the same abrasive concentration of 2.5 wt %. It is evident that the data at each relative velocity fall into roughly two regimes. At pressures approximately below 6.0 psi, the data display a linear trend. In this range, the data were fitted to a straight line, and the Preston coefficients at both velocities are approximately equal and not too different from those obtained by fit- ting the dependence of the removal rate on the relative velocity at fixed values of the pressure to straight lines in Fig. 1 . Note the appearance of a small non-zero threshold pressure between 1 and 2 psi below which the removal rate is essentially zero. One possible reason for this behavior is that a thin lubrication layer of liquid, larger in size than that of an abrasive particle, may have been present between the wafer and the pad at these very small pressures. As first pointed out by Bhushan et al., 13 in such a situation, virtually no removal of material can be expected to occur.
The conclusion to be drawn from the above data is that at sufficiently low values of the velocity and pressure, the linear model in Eq. 1 approximately describes the behavior of the removal rate as a function of pressure and velocity, with the caveat that the dependence on pressure should accommodate the appearance of a threshold pressure below which the removal rate is approximately zero. At values of pressure larger than approximately 6 psi, it is seen that the data in Fig. 2 follow a very different trend. We found by trial and error that the data in this range could be fitted by a power law dependence with the removal rate being approximately proportional to P 1/6 . The actual exponents obtained by least squares fitting are reported in the figure caption, and the fits are shown by dashed lines in Fig. 2 . We cannot ascribe a simple physical significance to the exponent in the power-law regime. As to dependence on the relative velocity, we find that the removal rate essentially levels off at values of V larger than approximately 0.7 m/s.
After the polishing runs, a black powder, likely CuO, was found on the track made by the disk on the pad, which indicates that a film of an oxide of copper ͑or other compounds͒ was formed on the copper surface even though no added chemicals were present in the slurry. The slurry likely contains dissolved oxygen from being exposed to air. It is possible that the high temperature that is caused by friction at the points where abrasives contact the disk surface, together with the presence of dissolved oxygen, leads to an oxidation reaction on the disk surface. To test this hypothesis, a copper coupon was suspended in the same slurry, kept well-mixed at room temperature, for 10 mins; no film formation on the surface was noted, and the surface was shiny. When the temperature of the slurry was elevated to a value between 95 and 100°C, a semitransparent film was found to form on the copper surface within a 3 min period. A similar film also was observed on the disk surface after polishing when the experiment was performed at pressures lower than 2 psi, but not at larger pressures. As noted earlier, significant material removal did not occur when the pressure was lower than a value between 1 and 2 psi, and this is perhaps why the film on the disk surface was not removed at such low pressures. Of course, to form the film some heating is needed, and this was likely provided in that situation by the rubbing of the asperities on the pad against the surface of the disk. At the higher pressures, the film was removed, and some of the removed material, oxidized to CuO, was found to be deposited on the pad surface in the track underneath the disk as noted earlier.
The above observations, along with the trends displayed in Fig. 1  and 2 , lead us to the conjecture that, even though no chemicals were added, removal from the disk surface occurs by a two-step process. It appears that the copper becomes oxidized, possibly to Cu 2 O or CuO, and it is this oxide that is likely removed by the abrasives. This hypothesis would explain the trend in Fig. 1 that at large relative velocities, the removal rate levels off. In an idealized picture of the removal process, one might imagine a specific point on the disk surface passing over particles held at the top of an asperity that remove some of the oxide formed on the surface, and then being exposed to the liquid for a certain length of time before passing over the next asperity top with particles pressed against that point again. As the relative velocity is increased, the time between such successive passages becomes smaller, allowing for less new oxide to build up. The conjecture is that nearly all the oxide that is formed on the copper surface after passage over an asperity top is being removed by the particles on the next asperity top by the time the relative velocity exceeds 0.7 m/s. At larger relative velocities, less oxide will be formed between successive transits over asperity tops, but such transits also will occur correspondingly more frequently. Therefore, one might anticipate a nearly constant removal rate as the relative velocity is altered in such a situation. To explain the observation that at the higher pressure, the removal rates are larger when this leveling-off occurs, one must postulate that the oxide layer that is formed is thicker when a higher pressure is applied. One possible reason for this might be that higher temperatures occur at the points of contact between the abrasive particles and the disk surface at higher pressures because of increased friction, leading to more rapid reaction. We note that these conjectures are provided here to tentatively explain the trend of the data, but other possibilities cannot be excluded. For example, debris from the mechanical removal process can tend to clog the pores in the pad, leading to less slurry holdup, which can lead to limiting the removal rate as well.
We now move on to the dependence of the removal rate on abrasive concentration. Figures 3 and 4 display pertinent data. In Fig. 3 , we have shown the removal rate R as a function of the relative velocity V at four different abrasive concentrations, at a fixed pressure of 6.8 psi. In Fig. 4 , the same data are replotted at selected values of the relative velocity to discern the trend of the removal rate as a function of abrasive concentration at a given relative velocity. It is evident that at a low abrasive concentration, the removal rate increases as the abrasive concentration is increased, but as the abrasive concentration is increased from 2.5 to 5.0 wt %, the removal rate is hardly affected. The only logical explanation we can offer for this trend is that at low abrasive concentration, the removal rate is limited by the availability of abrasive particles on top of the pad asperities that push these particles into contact with the disk surface during polishing. Therefore, as the concentration is increased, a larger number of particles are available to perform material removal, leading to an increase of the removal rate with increasing abrasive concentration. But, as the abrasive concentration in the slurry is increased beyond 2.5 wt % in the current experiments, it is likely that a sufficient number of abrasive particles already are available at the tops of the asperities to perform the removal of the oxide layer and further increase in the number of particles therefore does not contribute significantly to removal.
SUBA 500 pad.- Figure 5 shows data obtained on the removal rate as a function of relative velocity with a SUBA 500 pad. At first, we performed experiments up to a relative velocity of approximately 0.9 m/s, and noticed the linear trend, especially at the two lower values of the pressure. With the IC-1000 perforated pad, when this velocity was used, the removal rate had already leveled off, and we did not see the need to pursue higher relative velocities. But with the SUBA 500, we decided to try experiments at higher velocities, and extended the range of relative velocities up to approximately 1.7 m/s. It is evident from the data that at values of pressure equal to 3.6 and 5.2 psi, the removal rate is nearly linear with velocity all the way up to 1.7 m/s, but when the pressure is increased to 6.8 psi, there is significant deviation from the linear trend. Furthermore, the dependence on pressure is not linear as will be seen shortly. Therefore, we did not attempt to find a value of the Preston coefficient in Eq. 1, being content with displaying the straight lines fitted by the method of least squares in Fig. 5 for each value of pressure.
In Fig. 6 , the removal rate obtained using the SUBA 500 pad is plotted as a function of the nominal pressure at two different values of the relative velocity. It is evident that the data do not follow a straight line. By trial and error, we found that the removal rate, instead, follows a power law. Fits obtained by the method of least squares are displayed as solid curves, and the equations corresponding to the fits also are given in the figure. To within the uncertainty of the fit, the exponent is one-half, that is, the removal rate is proportional to the square root of the pressure.
Data on the dependence of the removal rate on the abrasive concentration are displayed in Fig. 7 at a fixed pressure of 6.8 psi and five different values of the relative velocity V. The data do not fall on straight lines, and we determined from a log-log plot, displayed as Fig. 8 , that the data are fit remarkably well by a power law. The exponents are given in Fig. 7 , and are seen to be close to 0.5, implying that the removal rate is proportional to the square root of the abrasive concentration. Therefore, an empirical result that describes the data from our experiments with the SUBA 500 pad at low to moderate pressures is
where C stands for the concentration of the abrasive particles in the slurry. At higher pressures, the square root dependence on the product of the abrasive concentration and pressure is consistent with the data, but the removal rate depends nonlinearly on the relative velocity. It is unlikely to be mere coincidence that the dependence on the pressure and that on the abrasive concentration are both of the same form. A proper physical explanation of this behavior must await developments from mechanical contact theory, and it is our hope that the presentation of these results will spur the development of suitable theoretical models. 
Conclusions
The principal conclusions of this work are that the applicability of the Preston equation is limited even when removal is performed by abrasive particles suspended in deionized water in the case of alumina abrasives and a copper surface. Part of the reason is the fact that an oxide layer appears to be formed on the copper surface under the conditions of the experiment, and it seems that the abrasive particles remove mainly this oxide layer. Therefore, when an IC-1000 pad is used, at relatively low pressures and relative velocity values, the removal rate does increase linearly with increasing pressure, and approximately linearly with increasing velocity, but levels off at higher values of velocity indicating a saturation effect. We postulate that this occurs when all the oxide that can be formed under the conditions of the experiment is being removed. At large values of the nominal pressure, the situation is not that simple, with the removal rates continuing to increase with increasing pressure, but with the approximate proportionality R ϰ P 1/6 . The removal rate is seen to increase with increasing abrasive particle concentration at low values of this concentration, but shows very little sensitivity to this concentration when it is increased above a value of 2.5 wt %.
The situation is quite different with a SUBA 500 pad, indicating that different mechanisms are at work here. With this pad, the removal rate appears to be linear in relative velocity over a much larger range of values of this parameter at low to moderate values of pressure, and proportional to the square root of the nominal pressure over the entire range of pressure values used. It is interesting that the removal rate also appears to be proportional to the square root of the abrasive particle concentration when this pad is used, lending credibility to the idea that a proper mechanical contact theory may be able to explain the trend.
It is worth noting that even though we set out to study purely mechanical removal of copper using abrasives suspended in deionized water, chemical effects apparently could not be eliminated from influencing the removal process. This highlights the difficulty of achieving a clean separation of chemical and mechanical aspects in the case of copper CMP. Fig. 7 replotted on log-log axes to demonstrate that the data are well-fitted by straight lines at each relative velocity.
